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PATHWAYS OF CARBOHYDRATE METABOLISM IN NORMAL AND NEO-
PLASTIC CUTANEOUS ECTODERM, A HISTOCHEMICAL STUDY*
ROBERT W. GOLTZ, M.D., RAMON M. FIJSARO, M.D., RUDOLF BLAZEJOVSKY, M.D.
AND JAMES JARVIS, B.S.
This study represents an attempt to clarify
the pathways of carbohydrate metabolism in the
epidermis, appendages and epithelial tumors by
comparison of the distribution of glycogen and
two histochemically demonstrable enzymes con-
cerned with glucose metabolism, phosphorylase
and succinic dehydrogenase (SDH).
Phosphorylase is concerned with the anaerobic
phase of glucose metabolism, where it catalyzes
the conversion of glucose-i-phosphate to amylose,
which is in turn converted to glycogen by amylo-
1,4 — 1,6 - transglucosidase. Histochemical
demonstration of these enzymes depends on
deposition of amylose and glycogen from a glu-
cose-i-phosphate-containing substrate mixture,
Lugol's solution staining the amylose blue-black,
and glycogen red-brown. The method is specific
for these enzymes and has proved entirely satis-
factory in our hands, though certain modifications
in technic have been made. In particular, some
metallic ions have been shown to have an en-
hancing or inhibiting effect on the reaction.
These modifications will be discussed in another
publication.
Succinic dehydrogenase is involved in the
aerobic phase of glucose metabolism. Its demon
stration depends on the reduction of a colorless
neotetrazolium salt to colored diformazan by
hydrogen ions released from succinate by
enzymatic action. In our hands, the method has
presented some difficulties in that control sections
incubated without substrate also show considera-
ble enzyme activity. However, in both experi-
mental and control sections the reaction is
completely blocked by malonic acid, which
specifically competes with succinic acid. There-
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fore, the enzyme activity appearing in control
sections must indicate succinate previously
present in the tissue.
REVIEW OF PREVIOUS WORK IN THIS FIELD
A number of publications have outlined the
distribution of glycogen in normal and pathologic
skin. However, the reasons for the irregular
distribution of this substance and its role in
meeting the energy requirements of cutaneous
epithelium and its appendages have not been
completely settled (1). Glycogen is associated
with eccrine sweat secretion (2) and probably
serves as a source of energy for keratinization,
and it probably has other functions as well.
The distribution of phosphorylase and SDH
activity in the skin has been described by a
number of authors. Braun-Falco (3) concluded
that there is no topographic relationship between
phosphorylase activity and glycogen distribution.
Ellis and Montagna (4) on the other hand, found
that with few exceptions phosphorylase and
amylo-1 ,6-glucosidase are found in cells which
are known to contain glycogen. Only human
epidermis contains these enzymes, and carbo-
hydrate metabolism in the epidermis of the lab-
oratory animals studied must depend on other
enzyme systems.
Succinic dehydrogenase activity distribution
and its significance have received still more
attention. Argyris (5) found less SDH activity in
glycogen-laden cells of regenerating mouse epi-
dermis than in glycogen-free basal cells. This
finding led to the hypothesis that glycogen is
associated with decreased oxidative metabolic
activity. Argyris also found increased SDH
activity at sites of experimentally induced mitosis,
cell growth and movement. Foraker and Wingo
found SDH activity diminished in the presence
of keratinization in basal and squamous cell
carcinomas (6), and in senile and seborrheic
keratoses (7), but present in all viable neoplastic
cells. Braun-Falco and Rathjens (8) found greater
SDH activity in basal than in squamous cell
carcinomas, thus supporting the observations of
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Stuttgen and Ebschner (9), who found greater
oxygen consumption in basal cell epitheliomas
than in squamous cell carcinomas or in normal
skin. Paget cells were an exception to this rule,
in that they demonstrate both SDH activity and
glycogen. Serri (10) found that SDH activity is
abundant precisely in those cells of the basal
layer from which glyeogen is absent and that
SDH activity decreases progressively from basal
to granular layer. In contrast to glyeogen, SDH
activity is abundant in conditions characterized
by proliferation of basal cells, such as basal cell
epitheliomas, but also in verrueae, in which
prickle cells predominate. However, in the
appendages, the cells are rich in both glycogen
and SDH activity. Serri concluded that SDH is
more widely distributed than glycogen and that
aerobic metabolism is probably the normal,
glycogen being stored only where a reserve
supply of energy from anaerobic metabolism is
required. SDH activity is increased where
oxidative metabolism is accentuated. Appenda-
geal cells need large amounts of energy, hence
contain both glyeogen and SDH activity, while
epidermal basal cells can normally draw on the
blood supply for needed carbohydrate. Alter-
natively, basal cells may utilize glycogen more
rapidly than prickle cells, hence do not accumu-
late it.
MATERIALS AND METHODS
Freshly excised normal skin and tumors were
immediately frozen on solid carbon dioxide and
16 micron sections cut on the eryostat. Sections
as nearly serial as possible were stained with
hematoxylin and eosin, by the periodic acid-
Sehiff technic and with 1:2000 Lugol's solution
for preformed glyeogen, by a modification of the
method of Takeuchi and Kuriaki for phosphory-
lase (11), and for suecinie dehydrogenase by the
method of Seligman and Rutenburg (12), as
modified by Padykula (13). Appropriate control
sections were run simultaneously. The distribu-
tion of phosphorylase and SDH activity was then
compared to that of preformed glycogen.
In addition to normal skin from various areas
and oral mucous membrane, the following tumors
were studied: senile and seborrheie keratoses,
verrucae, cutaneous horns, keratoaeanthomas,
mollusea contagiosa, basal and squamous cell
carcinomas, and melanoeytic nevi.
As noted above, certain metallic ions were
found to enhance the reaction for phosphorylase
activity, and one of these, Mg, was used rou-
tinely in this stndy. This may account for the
finding of greater amounts of phosphorylase
activity in some situations than reported by other
authors.
Because the epidermis, and to a lesser extent
its appendages, is required to function at a range
of temperatures from about 6° C to a few degrees
above normal body temperatnre, the effect of this
range of temperatures on the activity of phos-
phorylase and SDH was studied, by incubating
tissue slices at 6, 10, 20, 37 and 45° C. In the ease
of phosphorylase, greatest activity occurred at
20°, with only slight decrease at 37° and 45°.
Below 10°, phosphorylase activity decreased
markedly, though there was still some activity
demonstrable at 6° C. SDH activity was maximal
at 37° C, was markedly decreased at 10° and was
absent at 6° C.
RESULTS
The distribution of glyeogen, phosphorylase
and SDH activity will not be described in detail.
Our findings did not differ greatly from those
reported by other authors. Rather an attempt
will be made to correlate these findings in the
hope of gaining some insight into the pathways
of carbohydrate metabolism in the skin.
The following diagrams summarize our obser-
vations on the comparative distribution of
glyeogen, phosphorylase and SDH activity
together with a list of situations in which the
particular pattern was found, and the probable
metabolic phenomena involved.
Examples in which neither phosphorylase
activity nor glycogen are demonstrable histo-
chemically are found in some normal epidermis
and in some apparently quiescent tumor masses
in both basal and squamous cell carcinomas, but
particularly basal cell tumor. (fig. 1). There are
two possible explanations for this finding: (1)
either glucose is being converted directly to
pyruvate, conversion to glyeogen being blocked
because of the absence of phosphorylase, or (2)
so little carbohydrate metabolism is needed to
maintain the low levels of metabolic activity in
these quiescent cells that these substances are
not demonstrable by present histoehemieal
methods. In favor of the first possibility is the
finding of relatively great SDH activity in basal
cell epitheliomas by Braun-Falco and Rathj ens
(8), and also by Serri (10), a finding which may
indicate that basal cell epitheliomas meet much
of their energy requirement through oxidative
metabolic pathways. On the other hand, we
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FIG. 1. Basal cell epithelioma. A. Hematoxylin and Eosin Stain. B. Periodic acid-Schiff technic.
No glycogen is present in the tumor. C. Phosphorylase reaction. Phosphorylase activity is present in
the epidermis, but not in the tumor.
observed basal cell epitheliomas, and also normal
skin, in which SDH activity is present in some
areas but completely absent elsewhere. This
would seem to support the second possibility
mentioned above, that only such quantities of
glycogen and enzymes are present as are too
small to be demonstrated by present histochemi-
cal methods. In this connection, Lang (14)
pointed out that most enzymes are present in
200—500 fold excess, so that there may be a 99%
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decrease in enzyme activity without any decrease
in metabolic function. On theoretical grounds,
direct conversion of glucose to pyruvate without
the intervention of glycogen formation would
appear to be more likely to occur where metabo-
lism is rapid, rather than in the obviously sluggish
cells in which the situation illustrated in diagram
I is found.
Glycogen, phosphorylase activity and succinic
dehydrogenase activity are all present in such
metabolically active cells as those of the eccrine
sweat coil and duct, apocrine duct, some areas of
the external root sheath of hair follicles, and in
invasive portions of tumors (fig. 2). In this
instance, it is probable that the reversible reaction
catalyzed by phosphorylase is proceding vigor-
ously in both directions and there is a balance
between glycogen synthesis and reconversion to
glucose-i-phosphate. At the same time, oxidative
metabolism is also proceding vigorously, as
evidenced by marked succinic dehydrogenase
activity.
In a few instances, particularly in some areas
of seborrheic keratoses (Fig. 3), phosphorylase
activity without the presence of demonstrable
preformed glycogen was found. In this case,
either no glycogen was being formed, or so little
GLYC4 + 00000
PHOSPHO}LASE + /////
SUCCINIC DE ROGENASE + \\\\\
that it was not demonstrable histochemically. In
either event, the reversible reaction between
glycogen and glucose-i-phosphate must have
shifted to the right, as illustrated in diagram
III. In normal epidermis, phosphorylase activity
is often present in the basal layer cells, without
deposition of glycogen in the overlying rete celis.
The final sequence, in which there is phos-
phorylase activity, followed by deposition of
glycogen, is commonly found in mucous
membrane epidermis (fig. 4) and in cornified
epidermis after slight stimulation. It is also
found in tumors, especially around keratinizing
foci in basal and squamous cell carcinomas.
Discussion of the sequence of events in this
case may be facilitated by division of the viable
part of the epidermis or keratinizing tumor into
three hypothetical zones:
Stratum Granulosum
C Upper Rete Malpighii
B Lower Rete Malpighii
A Germinative Layer
It is apparent that between zones A and B,
phosphorylase activity decreases, there is a shift
toward glycogen synthesis, and glycogen is de-
posited, often in large amounts. More interesting
is what happens between zones B and C. Glycogen
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FIG. 2. Squamous cell carcinoma. Glycogen, phosphorylase activity and suecinic dehydrogenase
activity are present in invasive strands of tumor, absent from more "mature" keratinizing areas. A.
Lugol's solution for preformed glycogen. B. Phosphorylase reaction. C. Succinic dehydrogenase reaction.
disappears at this level. But how? Two possible
mechanisms suggest themselves:
A. There may be some inherent diastatic
activity of the epidermis which cleaves the
glycogen to soluble products. While diastatic
activity has been postulated, there is no definite
evidence that an epidermal amylase actually
exists. Wohnlich (15) has shown that human
sweat possesses diastatic activity, but while
there is a rather unlikely possibility that this
might account for the disappearance of glycogen
at or just below the stratum granulosum of
epidermis, no such mechanism seems possible in
the case of keratinizing foci deep in tumors. The
same is true of a possible diastase produced by
bacteria on the skin surface.
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FIG. 3. Seborrheic keratosis. A. Periodic acid-Schiff technic. Little or no glycogen is present.
B. Phosphorylase reaction. Large areas of intense phosphorylase activity are present, without corre-
sponding deposition of glycogen. C. Succinic Dehydrogenase reaction. SDH activity is strong through-
out the keratosis.
B. More probably, the phenomena observed
may be explained by variations in the concen-
tration of the several reactants in the equation
HOPO + amylose glucose-i-phosphate
at various levels in the epidermis. (Diagram V)
If this hypothesis is correct, it must be assumed
that though not always demonstrable histo-
chemically, sufficient phosphorylase activity
remains throughout the epidermis to catalyze
the reaction.
At level A, the germinative portion of the
epidermis, there is surplus glucose-i-phosphate
present, and the reaction shifts to the left.
At level B, mid epidermis, phosphorylase
activity is diminished, but the supply of glucose-
1-phosphate is also decreasing and phosphate
levels are rising, partly as a product of the
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DIAGRAM IV
FIG. 4. Oral mucous membrane. A. Periodic acid-Schiff technique. Glycogen is present only in the
upper half of the rete. B. Phosphorylase reaction. Enzyme activity is greatest in the lower half of the
epidermis, preceding glycogen deposition. C. Succinic dehydrogenase reaction. SDH activity is present
throughout viable portions of the epidermis, but greatest in the germinative layers.
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conversion of ATP to ADP in the course of
protein synthesis related to keratinization.
Therefore the reaction procedes at approximately
equal rates in both directions.
At level C, excess phosphate is present, the
supply of glucose-i-phosphate from the circu-
lation is exhausted or greatly diminished, the
reaction shifts to the right, and glycogen dis-
appears from the epidermis. There are a number
of indications that the cells at this level have
become much less active metabolically, including
gradual depletion of nucleic acids, as well as the
lack of mitotic activity. Therefore, while the
total amount of glycogen available for energy
production at this level is not large, it is probably
sufficient to meet the energy requirements of
these sluggish cells. There must also be much less
oxygen available at this point than in parts of
epidermis or tumor nearer the blood supply. The
decreased energy requirement and relative lack
of oxygen correlates well with the fact that while
there is a little succinic dehydrogenase activity
up to and including some cells of the stratum
granulosum, there is much less than in lower
portions of the epidermis or the peripheral layers
of cells in tumors. Still there is probably enough
oxygen and SDH activity remaining even high
in the epidermis or in the center of tumor masses
to meet the limited requirements of the indolent
epithelial cells at these locations.
SUMMARY AND CONCLUSIONS
The distribution of glycogen, an anaerobic
phase enzyme (phosphorylase), and an aerobic
phase enzyme (succinic dehydrogenase) in normal
epidermis and appendages, oral mucous
membrane, and a number of epidermal tumors
have been compared.
The almost universal appearance of succinic
dehydrogenase activity suggests that oxidative
mechanisms play an important role in these
tissues.
The following relationships between phos-
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phorylase activity and glycogen deposition have
been observed:
1. Neither phosphorylase activity nor glycogen
is present.
2. Both phosphorylase activity and glycogen
are present in the same cells.
3. Phosphorylase activity is present without
deposition of demonstrable quantities of glycogen.
4. Glycogen deposits occur in cell layers distal
to marked phosphorylase activity, but in these
instances, residual phosphorylase activity must
be assumed in order to account for eventual
utilization of the glycogen.
The probable metabolic steps leading to each
of these sequences are discussed.
No essential qualitative differences between
carbohydrate metabolism in normal and neo-
plastic epithelium were uncovered in this study.
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DISCUSSION
DR. SIMON ROTHBERG (Bethesda, Md.): I
wonder how specific your acid dehydrogenase
test is, as it depends on the release of two protons
to react with your tetrazolium salt. Are you sure
the reaction is with the isocitric dehydrogenase
and DPHN? Is DPNH reacting only with your
substrate? How do you pin this down? I am not
a histologist so it does not make sense to have an
assay depend upon a coenzyme that is not
specific for the reaction under consideration.
DR. J. WALTER WILSON (Los Angeles, Calif.):
I hope Dr. Goltz will please me by telling me that
he is soon going to apply this technic to the
skin of persons who have chronic fungal in-
fections, such as that caused by T. rubrum,
testing the areas never previously involved as
well as some areas which have been cleared
recently by g'iseofulvin taken orally.
DR. ROBERT W. GOLTZ (in closing): In regard
to Dr. Rothberg's question, the exact mechanism
by which protons are transferred from succinate
to the tetrazolium salt is unknown, but this does
not affect the specificity of the test for succinic
dehydrogenase. As noted in the text of the paper
to be published, we were able to completely block
the reaction in both experimental and control
sections by the addition of malonic acid, which
specifically inhibits the oxidation of succinate to
fumarate. DPNH and isocitric dehydrogenase
are not concerned with this part of the Krebs
cycle, nor is there any coenzyme involved.
In regard to Dr. Wilson's comment, I can see
that the technique can be of value in studies such
as he suggests. It must be remembered, though,
that only rough quantitative conclusions can be
drawn from histochemical studies.
